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Fabrication of metallic structures with lateral dimensions less
than 15 nm and jc(T)-measurements in NbN micro- and
nanobridges
Abstract
We report about a process that enables us to manufacture nm-sized structures that are characterized in a
four-point resistivity measurement. To define the nanostructures, we employ either a lift-off deposition
process or a dry etching process. With the lift-off deposition, we were able to define line widths below
15 nm spatial dimension. The same technique allowed the fabrication of a current-carrying bridge with
≈30 nm × 10 nm cross section. The etch-process step allowed us to generate a superconducting meander
structure covering an area of ≈13.5 μm × 10.5 μm. We also present critical-current measurements vs.
temperature on sub-μm and μm sized bridges prepared by a different technique. These data support the
idea of a geometrical edge barrier for vortex entry into sub-μm wide bridges.
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Abstract
We report about a process that enables us to manufacture nm-sized structures that are characterized in a four point
resistivity measurement. To define the nanostructures, we employ either a lift-off deposition process or a dry etching
process. With the lift-off deposition, we were able to define line widths below 15 nm spatial dimension. The same
technique allowed the fabrication of a current-carrying bridge with ≈ 30 nm× 10 nm cross section. The etch-process
step allowed us to generate a superconducting meander structure covering an area of ≈ 13.5 µm × 10.5 µm. We
also present critical-current measurements vs. temperature on sub-µm and µm sized bridges prepared by a different
technique. These data support the idea of a geometrical edge barrier for vortex entry into sub-µm wide bridges.
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1. Introduction
Superconducting (SC) structures with physical
dimensions on the micro- and nanometer scale at-
tract a lot of attention. On the one hand this interest
is triggered by questions of fundamental physics, e.g.
vortex states in meso- and nanoscopic SCs. On the
other hand the properties of such SC structures open
upmany new possible applications, e.g. quantumde-
tectors [1]. In any case research in this area faces two
major challenges. First one has to develop the tech-
nology to produce devices of the desired structures
and quality. As much as one can take advantage of
the technology that has been developed for semicon-
ducting devices over the decades, these processes are
sometimes incompatible with SC materials or need
some adaption to meet the special needs. Second one
deals with truly complex systems where many of the
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important length scales (coherence length ξ, pene-
tration depth λ, vortex spacing,. . .) become compa-
rable or smaller than at least one of the physical di-
mensions, and finite size effects play an increasingly
important role.
Accordingly, this report is also divided into two
parts. In the first part (Sec. 2) we describe the devel-
opment of a process that lets us reach the critical di-
mensions of nm patterning techniques. In Sec. 3 we
then present exemplary measurements of the tem-
perature dependence of the critical-current in NbN
bridges with widths between 100 nm and 10 µm.
These measurements are of particular interest for
the development of SC photon detectors.
2. Fabrication of sub -15 nm structures
The fabrication process is divided into several
steps. We mix and match the technological ap-
proaches of photo- and electron-beam lithography
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(EBL). Thereby we are flexible enough to use either
a lift-off technique or an etching process to EBL-
create the resulting nanostructures, while using
the same mask for photolithographically defined
structures.
2.1. Multi-Device fabrication process
In a first step cutting markers, global markers,
local markers and alignment markers are defined by
a photolithographic lift-off deposition process. The
cutting markers separate up to 36 devices. The local
markers allow the definition of an EBL write field
(WF) on each device. The alignment markers allow
for more photolithographic steps.
The resulting pattern of the first step consists of
an adhesion layer of Cr or Ti underneath an Au
layer and is created with a standard electron-beam
evaporation technique. If the nanostructuring step
is also to be done by lift-off, this first process step is
done on the bare substrate, otherwise the pattern is
deposited onto the already prepared thin film from
which the nanostructures are to be made.
In a second nanolithographic EBL step, the nm
sized structures are written (Sec. 2.2) within theWF
by the focused and guided beam. In a third step,
bond pads (BP) and their connections to the nanos-
tructures are defined again by photolithography and
evaporation.
The designs of the nanostructures and the BP al-
low for the characterization of the resulting devices
in a four-point resistivity measurement. The electri-
cal connections of the BP to the experimental setup
are made with a standard bonder.
2.2. Electron-beam lithography
We define nanostructures with a Raith 150 Sys-
tem and two different nanolithographic EBL meth-
ods. The lift-off technique has the advantage of min-
imum damage to the edges of the structures. How-
ever, this technique is limited to relatively low sub-
strate temperatures of about 150 ◦C during depo-
sition of the film material. At higher temperatures
the organic EBL resists decompose, leading to in-
creased impurity levels or even total destruction of
the structure. Many of the technologically interest-
ing SCmaterials, e.g. Nb andNbN, require substrate
temperatures of several hundred degrees Celsius to
get the desired high-quality poly- or even monocrys-
talline films. Therefore we developed an alternative
process involving a dry etching step.
In a first approach, we investigated the limitations
of a lift-off step. Standard single or double layers
of PMMA/P(MMA/MAA) were used to obtain an
undercut suitable for 30 kV acceleration voltage.
With these resists, we performed a dose test to ob-
tain the appropriate dose for a certain line width. Af-
ter lift-off of a Cr/Au metallization, we determined
the optimum dose for a certain line width with SEM
as shown in the inset A of Fig. 1. Without correc-
tions for the proximity effect, the optimum dose in-
creases for line widths smaller than the range of the
backscattered electrons BSE [2]. Inset A of Fig. 1
also reveals, that the critical dimension of a resist
decreases, when decreasing the film height. Fig. 1
shows, we are able to define line widths smaller than
15 nm.
Fig. 1. SEM photograph of a 13.2 nm wide line (FWHM),
defined by lift-off of a 5 nm thick metal film. Inset A shows a
dosetest for different resists. The filled symbols indicate the
critical dimensions of the resists. Inset B shows a linescan
between P1 and P2.
For the investigation of the alternative etching
step, we determined the clearing dose (defined as
the sum of the amount of charge per unit area con-
tributed by forward scattered electrons and BSE)
of ZEP520A that is necessary for optimum develop-
ment. Then the beam was guided around the desired
structure with a beam speed and step size adopted
to deposit the clearing dose. After development, the
sample was placed in a reactive SF6/Ar plasma to
etch away the non-protected thin film.
For this alternative etching approach, an addi-
tional photolithographic step has to be implemented
after the deposition of the BP to protect the EBL
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defined structures while etching away the rest of the
SC film.
2.3. Device characterisation
Fig. 2. SEM picture of a 7 µm long and 30 nm narrow bridge
connected to a 50 nm wide voltage lead. The inset shows
the temperature dependence of ρ − ρ0 for this bridge, on a
double logarithmic scale.
In order to demonstrate the feasibility of our pro-
cess development, we fabricated and characterized
a thin bridge of Au from a 1 nm / 10 nm Cr/Au
film by lift-off on Si (Fig. 2). The four-point resistiv-
ity measurements were done in a Quantum Design
Physical Property Measurement System. In the in-
set of Fig. 2, we show results obtained with a bias
current Ibias = 5 µA. At first, we fitted the low tem-
perature behaviour of ρ by a power law. The resid-
ual resistance was 2.2 kΩ. The most accurate fit was
obtained with an exponent of n ≈ 2.1. We assign
this almost parabolic increase of ρ with increasing
temperature to electron-electron scattering [3].
For temperatures higher than 50 K, this bridge
shows distinct metallic behaviour with a linear
temperature dependence of ρ. Extapolating this
linear dependence results in a resistivity of ρ300K =
1.15.10−7 Ωm. Substraction of the residual resistiv-
ity (ρ0 = 9.55
.10−8 Ωm) leads to a value very close
to the literature value for bulk Au.
The nm-sized structure that we generated with
the second nm patterning step is shown in Fig. 3.
This meander on a Si substrate is designed accord-
ing to layouts of SC single photon detectors [1]. Its
conduction path is ≈ 200 nm wide and ≈ 10 nm
high and is made of Nb. Recent measurements of
the resistivity of such a meander (made of a 10 nm
thick NbN-film, processed on a sapphire substrate;
Fig. 3. SEM photograph of an etched meander structure,
processed on Si, and its connections to the photolithographic
patterned, evaporated leads to the BP. The inset displays
the SC transition of a similar meander structure on sapphire
in different magnetic fields.
biased with 10 nA) are shown in the inset of Fig. 3.
From these resistivitymeasurements, we determined
Tc(0) ≈ 14.6 K using a Rn/2 criterion (Rn being the
normal state resistance at T = 23.1 K), and the co-
herence length ξ(0) ≈ 4 nm.
3. Critical-current of narrow strips
Narrow strips of thin SC films are often used in
electronic applications. In a number of detector ap-
plications these structures are biased with dc cur-
rents close to the critical-current, typically in the
ambient magnetic field. Magnetic vortices due to
the self-field of the applied current may limit the
critical-current to the depinning critical-current or
introduce additional noise into the system.
We fabricated long bridges made from NbN with
widths W varying between 100 nm and 10 µm.
The NbN films with thickness d between 4 nm
and 10 nm were deposited onto sapphire substrates
heated to 750 ◦C using dc magnetron sputtering
in an Ar/N2 atmosphere. More details about film
preparation and device fabrication can be found
elsewhere [4,5]. From resistance measurements we
determined critical temperatures Tc(0) ≈ 14 K
and coherence lengths ξ(0) ≈ 4 − 5 nm in good
agreement with Sec. 2.3. From these conductivity
measurements we estimated the zero temperature
magnetic penetration depth λ(0) ≈ 250 nm, in line
with published data [6,7]. The effective penetration
depth Λ = 2λ2/d is always larger than the widthW
of our widest bridges, thus ensuring a homogeneous
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current distribution. On the other hand even for the
narrowest bridges and temperatures not too close
to Tc(0) the width W is larger than 4.4 ξ. Accord-
ing to [8] we may therefore expect the formation of
magnetic vortices.
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Fig. 4. Critical-current density vs. reduced temperature for
three bridges of different widths made from a 8 nm thick
NbN film. The narrowest bridge can be well described with
a temperature dependence according to the depairing criti-
cal-current within GL-theory. Micrometer wide films deviate
substantially with jc levelling off at a much lower value.
In Fig. 4 we show the temperature dependence
of the critical-current density jc(T ) for three repre-
sentative bridges with W = 0.3, 2.9 and 8.9 µm, re-
spectively. We used a voltage criterion to determine
the critical-current value at fixed temperature and
zero magnetic field (B . 0.1 mT). The transitions
into the normal-conducting state were very sharp,
so that the determined jc(T ) values for T/Tc < 0.95
were practically independent of the precise voltage
criterion. The precision of the data is about 1%.
The 0.3 µm wide bridge can be well described
according to the temperature dependence of the
depairing critical-current within Ginzburg-Landau
(GL) theory [9]:
jc(t) ∝
(
1− t2
)3/2 (
1 + t2
)1/2
, (1)
with the reduced temperature t = T/Tc(0).
(Fig. 4, solid line). The theoretical value of jc(0)
is ≈ 3.107A/cm2, somewhat larger than the mea-
sured value. All bridges narrower than about 1 µm
showed similar behaviour. Wider bridges, on the
other hand, start to deviate from this tempera-
ture dependence for t . 0.8 and level off at about
0.4 Tc(0). We interpret our observations as a man-
ifestation of a geometric Bean-Livingston barrier
for vortex entry [10]. Recent calculations [11] and
experiments [12] in similar geometries have shown
that SC strips may remain vortex free at fields much
larger than the bulk lower critical field Hc1.
4. Conclusions
We have presented a versatile nanostructuring
process to make metallic structures less than 15 nm
in size. In the future, we want to use our newly
developed process to define SC structures of similar
dimensions that can be used, e.g., as single photon
detectors [1].
Measurements of jc(T ) in long and narrow NbN
bridges have revealed that sub-µm wide bridges re-
main vortex free up to the depairing current density.
This result may be of relevance for all applications
making use of SC strip lines.
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